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ABSTRACT 

The  mechanism  of  fracture  of  round  tensile  specimens  of  pure  iron 
and  of  type  304  and  316  stainless  steel  have  been  studied.  These  new 
observations  have  been  combined  with  a large  body  of  published  observa- 
tion and  used  to  construct  two  sorts  of  fracture  meahaniam  maps,  which 
sunnarise  the  behaviour. 
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1.  THE  CONSTRUCTION  OF  EMPIRICAL  FRACTURE  DIAGRAMS 

Steels  can  fracture  during  inonotonic  loading  in  one  of  a number 
of  ways:  by  cleavage,  by  transgranular  ductile  fracture,  by  intergranular 
fracture,  and  so  forth.  In  this  report  we  assemble,  for  pure  iron,  and 
two  stainless  steels,  the  data  on  failure  of  round  bar  specimens  in 
tension,  identifying  the  regime  of  stress  and  temperature  over  which 
a given  mechanism  is  dominant.  Some  of  the  data  is  new;  much  of  it 
is  from  work  published  in  the  open  literature  or  in  company  reports 
and  data  sheets. 


1.2  Method  of  Construction 


The  procedure  is  as  follows.  We  tabulate,  for  each  test,  the 

homologous  temperature  (T/T^^)  and  the  normalised  tensile  stress  (.a^/E; 

where  a is  the  nominal  stress  in  a creep  or  tensile  test  and  E is 
n 

Young's  modulus,  adjusted  to  the  temperature  of  the  test),  together 
with  the  time-to-fraature  (t^  in  secs)  and  strain- to- fracture  (ep  and 
the  reduction  in  area  at  failure.  The  creep-fracture  data  refer  to 
tests  at  constant  load;  o^  is  the  load  divided  by  the  initial  cross- 
section.  Tests  at  lower  temperatures  were  at  constant  displacement 
rate;  for  these  we  have  used  the  ultimate  tensile  stress  to  characterise 
failure.  Then  we  attempt  to  assign  a mode  of  failure  to  each,  based  on 
fractographic  observations.  This  information  is  assembled  into  the 
diagrams  shown  below.  Those  for  the  stainless  steels  show  four  mechanism- 
fields:  ductile  fracture,  transgranular  creep  failure,  intergranular  creep 
failure  and  rupture  (necking  to  zero  cross-section).  Those  for  pure  iron 
show  an  additional  field:  that  of  cleavage.  The  fractography  of  pure  iron 
has  been  more  detailed  than  that  for  steels,  and  suggests  subdivisions  of 


the  intergranular  creep-fracture  field  which  are  described  later. 
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There  are  difficulties  and  ambiguities  in  a study  of  this  sort. 

There  is  the  influence  of  purity:  strictly,  a diagram  applies  to  one 
purity  of  metal,  or  composition  of  alloy,  with  one  grain  size,  and 
in  one  state  of  heat-treatment.  Specimen  shape  is  important:  rupture 
is  favoured  in  thin  sheet,  for  instance,  because  the  conditions  are 
more  nearly  those  of  plane  stress,  and  because  of  this  we  have  considered 
only  data  from  round  bars,  tested  in  tension,  with  a ratio  of  diameter  to 
gauge  length  of  about  1:10.  In  spite  of  the  difficulties,  we  have  found 
that  the  general  form  of  the  diagram  is  reproducible. 
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2.  NOMINALLY  PURE  IRON 

Studies  of  the  fracture  of  iron  in  simple  tension  extend  from  near 
absolute  zero  to  nine-tenths  of  its  melting  temperature.  From  them  we 
know  that  iron  can  exhibit  all  the  common  modes  of  failure;  cleavage, 
ductile  fracture,  trans  and  intergranular  creep  fracture  and  rupture. 

We  know  also  that  intergranular  creep  fracture  can  occur  in  more  than 
one  way;  the  grain-boundary  cavities  responsible  for  this  mode  of  failure 
at  low  stress  are  lens-shaped;  but  at  higher  stresses  their  perifery  be- 
comes finger-like,  or  wedge-like.  The  overall  behaviour  is  further 
complicated  by  two  crystallographic  and  one  magnetic  phase  transformation. 

The  map  which  summarises  the  fracture  of  round  tensile  specimens  of  pure 
iron  is  shown  as  Fig.  1. 

2. 1 Data  on  which  the  Map  is  Based 

We  have  assembled  fracture  data  for  a number  of  nominally  pure  irons: 
Ferrovac-E,  BISRA-AH  grade  iron,  Electrolytic  iron,  zone  refined  (ZR)  iron, 
and  Annco  Iron.  Chemical  analyses  are  given  in  Table  1. 

The  data  itself  is  listed  in  Table  2.  Absolute  temperatures  (T)  were 
normalised  by  dividing  them  by  the  melting  point  (T^)  of  pure  iron  (1810  K) . 

The  nominal  tensile  stresses  (a  ) at  fracture  were  normalised  by  dividing 

n JO 

them  by  Young's  modulus  E at  the  temperature  of  the  test,  using,  for  ferrite, 
the  values  shown  in  Fig.  2.  These  were  calculated  from  the  single  crystal 
constants  of  Dever  (1972)  using  the  expressions 

E - /fe'E' ' 

2012^ 

where  E'  - Cn  - V 'CiV 

C44(3Ci2  “ 2C44) 

and  E"  - 

C12  + C44 
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Fig.  1 


The  fracture-mechanism  map  for  nominally  pure  iron.  It 
shows  five  mechanism-fields:  cleavage,  ductile  fracture,  trans- 
granular  creep  fracture,  intergranular  creep  fracture  and  rupture. 
The  numbers  against  data  points  are  logio  t^. 
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TABLE  2 DATA  USED  TO  CONSTRUCT  THE  MAP  FOR  NOMINALLY  PURE  IRON 
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a Grain  boundary  cavitation  was  observed,  but  was  not  necessarily  the  cause  or  fracture. 
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2 Young's  modulus  for  a-iron. 
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^7 

(This  is  a statement  of  E for  an  untextured  polycrystal.  At  room  tempera- 
ture, it  predicts  1.98  x 10^  MN/m^,  compared  with  the  average  of  several 

polycrystal  studies  of  1.97  (±  .OA)  x 10^  MN/m^  (A.S.M.,  1961)).  ^ . 

Young's  modulus  for  austenite  was  derived  from  the  measurements 
of  Koster  (1948),  and  is  described,  to  first  order  in  T,  by: 

E = 2.16  X IqS  (1  - (t  - 300)  4.7  x iQ-'')  MN/m^ 


^ ’ Measurements  on  Iron 

As  part  of  this  study,  we  tested  BISRA-AH  grade 


1 ynn  in  ^<anc^^>n 


between  77  Rand  973  K,  choosing  the  temperatures  and  stress  levels  to 
check  or  fill  gaps  in  existing  data.  Tensile  samples  were  machined 
from  6 mm  diameter  rod,  austenitized  for  1 hour  and  annealed  for 
24  hours  at  800  °C  in  vacuum,  and  polished.  Between  77  and  400  K,  the 
specimens  were  pulled  to  fracture  in  an  Instron;  at  higher  temperatures  the 
specimens  were  tested  in  creep  at  constant  load  under  vacuum  of  better  than 
10“^  torr.  The  mechanism  of  fracture  was  examined  by  optical  and  scanning 
microscopy.  Samples  were  then  cooled  to  -196  and  fractured  again  about 
3 mm  from  the  original  fracture  surface  to  examine  the  shapes  of  cavities 
on  boundaries  behind  the  fracture  surface. 

The  results  are  included  in  Table  2,  and  are  described  in  the  next 
section . 


The  Fraature  Map  for  Nominally  Pure  Iron  (Fic 


The  data  of  Table  2 appear  on  the  map  as  symbols  (identifying  the 
source),  labelled  with  the  logarithm,  to  the  base  10,  of  the  time-to- 


fracture.  Filled  symbols  in  the  low  temperature  end  of  the  diagram 
mean  that  the  observed  mode  of  fracture  was  by  cleavage;  elsewhere 
they  mean  that  one  of  a variety  of  intergranular  creep-fracture  mecha- 
nisms was  dominant.  Open  symbols  and  crosses  means  that  the  fracture 


11 


was  transgranular . Half-filled  symbols  indicate  that  rupture  was  observed. 

The  fractographic  information  was  used  to  divide  the  maps  into  fields 

in  which  a given  mode  of  fracture  is  dominant.  Below  about  0.1  T..  (-  100  °C) 

n 

failure  of  iron  of  Ferrovac  E or  Armco  purity  is  by  cleavage  (McMahon  and 
Cohen,  1965;  Sleeswyk,  1961)  apparently  nucleated  by  the  slip-induced  crack- 
ing of  carbides  which  are  present  even  in  this  grade  of  iron.  Wlien  these 
carbides  are  removed  by  zone  refining  (Simonsen  and  Dossin,  1965)  the  iron 

remains  ductile  to  below  0.06  T.,. 

M 

As  the  temperature  is  raised,  the  fracture  surface  changes  from  100  % 
cleavage  (solid  squares  and  triangles)  to  a mixture  of  cleavage  facets  and 
fibrous  dimples,  (half-filled  square)  and  then  to  100  % fibrous  or 
ductile  fracture.  The  position  of  the  field  boundary  separating 
cleavage  from  ductile  fracture  has  been  inferred  from  these  changes  and 
from  the  large  increase  in  ductility  which  accompanies  them. 

Between  0.1  and  0.3  Tj^  the  material  fails  rapidly  by  a ductile 
cup-and-cone  fracture,  at  a nominal  stress  equal  to  the  U.T.S.;  at  even 
slightly  lower  stresses,  it  fails  only  after  a very  long  time  or  not  at  all. 

The  lower  boundary  of  the  ductile  fracture  field  (broken  heavy  line)  is  based 
on  the  U.T.S.  data  of  Simonsen  and  Dossin  (1965)  and  is  in  good  agreement 
with  the  boundary,  inferred  by  Frost  and  Ashby  (1975),  separating  power-law 
creep  from  low-temperature  plasticity  in  pure  iron.  Data  for  Armco  iron, 
which  is  less  pure,  are  shown  on  the  diagram.  Its  U.T.S.  (+  symbols)  shows 
a hump  at  200  °C,  probably  caused  by  carbon  segregation  or  carbide  precipitation. 
The  field  boundaries  are  based  on  data  from  the  purer  iron. 

Above  0.3  T.,,  iron  exhibits  power-law  creep.  If  the  stress  is  high 
M 

enough  to  cause  fracture  in  less  than  about  10^  seconds,  the  fracture  is 
transgranular;  but  as  the  stress  is  reduced,  there  is  a well-defined  change 
to  an  intergranular  mode  of  fracture  (Taplin  and  Wingrove,  1967;  Wray,  1965; 
Groschel,  1975;  and  our  present  work),  from  which  the  lower  boundary  of  the 
transgranular  creep  fracture  field  was  deduced. 


The  magnetic  phase  change  at  the  Curie  temperature,  0.57  changes 
slightly  the  moduli  and  diffusion  coefficients  of  iron,  and  thereby  changes 
the  creep  rates  (see  Frost  and  Ashby,  1975,  for  a review).  The  effect  on 
the  fracture  behaviour  is  too  small  to  be  observable.  The  a to  y phase 
transformation  at  0.65  T^^,  on  the  other  hand,  causes  a large  increase  in 
t^,  and  a discontinuity  in  the  field  boundary,  as  the  figure  shows. 

Above  the  a to  y phase  transformation,  Wray  (1975)  found  that  zone 
refined  (99.997  at  %)  iron  recrystallised  as  it  deformed  and  failed  by 
rupture.  When  he  examined  electrolytic  (99.97  at  %)  iron,  with  a purity 
comparable  with  the  other  irons  listed  in  Table  2,  he  found  transgranular 
creep  fracture  (open  diamonds)  and  intergranular  creep  fracture  (solid 
diamonds)  below  about  0.7  Tj^,  and  rupture  (half-solid  diamonds)  above 
(Wray,  1975,  1976;  Wray  and  Holmes,  1975).  The  field  boundaries  in  this 
region  are  based  on  his  observations. 

Iron  has  the  property  that,  if,  after  creep,  it  is  cooled  in  liquid 
nitrogen,  it  can  be  fractured  in  a way  which  reveals  the  grain-boundary 
cavities.  This  has  allowed  the  cavity  shape  to  be  studied  as  a function  of 
stress,  time  and  temperature.  These  studies  (Taplin  and  Wingrove,  1967; 

Cane  and  Greenwood,  1975;  our  present  work)  suggest  certain  sub-divisions 
of  the  intergranular  creep-fracture  field.  In  summary,  it  is  found  that, 
just  below  the  field  boundary  with  transgranular  fracture,  the  voids  are 
irregular  in  shape,  and  often  crack  or  wedge-like.  At  rather  lower  stresses, 
they  grow  in  the  boundary  plane  as  thin  discs,  sometimes  with  a finger-like 
perifery  first  reported  by  Taplin  and  Wingrove  (1967)  and  later  studied  by 
Fields  and  Ashby  (1976).  At  still  lower  stresses,  the  cavities  are  more  nearly 
spherical  or  lens-like,  and  are  frequently  facetted. 


Some  of  our  own  observations  of  the  cavity  shapes  are  shown  in  Fig.  3, 
which  illustrates  this  progression.  The  first  pair  of  micrographs  (top,  left) 
shows  inclusions  on  grain  boundaries  of  the  BISRA-AH  grade  iron,  before  creep. 
The  subsequent  pairs  show  the  appearance  of  typical  grain  boundary  surfaces, 
some  3 mm  from  the  actual  creep-fracture  surface,  and  in  a plane  normal  to 
the  tensile  axis,  as  the  creep  stress  was  increased.  At  low  stresses 
(<  14  MN/m^)  the  cavities  are  roughly  equiaxed  and  facetted.  At  higher 
stresses  (18-26  MN/m^)  they  become  flatter  and  more  disc-shaped  with  finger- 
like protrusions  at  the  edges.  At  still  higher  stresses,  the  density  of 
boundary  cavities  decreases,  there  is  increasing  evidence  for  extensive 
plastic  flow,  and  the  creep  fracture  itself  becomes  transgranular . 

These  subdivisions  of  the  intergranular  fracture  field  are  shown  on 
the  map  (Fig.  1).  Although  such  changes  are  less  well  documented  in  other 
materials,  there  is  every  reason  for  thinking  that  the  transition,  as  the 
stress  is  raised,  from  an  equiaxed  cavity  shape,  through  a disk-like  one 
(perhaps  with  finger-like  protrusions)  to  a wedge-like  crack  is  a general  one. 
Since  the  growth  of  the  cavities  depends  on  their  shape,  the  law  governing  the 
fracture  time,  and  its  dependence  on  stress  and  temperature,  will  also  change. 

It  will  be  clear  from  this  discussion  that  field  boundaries  have  a finite 
width  in  which  mixed  modes  of  fracture  are  found;  and  that  the  positions  of 
the  boundaries  depend  on  purity  or  alloy  content.  This  effect  has  been 
documented  elsewhere  for  nickel-based  alloys,  and  is  found,  too,  in  the 


stainless  steels. 


Cavity  morphology  in  iron  at  975  kelvin 


^ % 

^ If 
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3.  THE  STAINLESS  STEELS;  304  and  316  Stainless 

The  18-8  austenitic  stainless  steels  find  commercial  application 
over  a wide  range  of  temperature.  They  are  ductile  at  cryogenic  tem- 
peratures, and  so  can  be  used  in  superconducting  machinery.  They  resist 
aqueous  corrosion,  and  are  used  for  containing  and  handling  chemicals  and 
foods.  Finally,  they  have  useful  creep  strength  and  oxidation  resistance 
up  to  650  °C,  making  them  attractive  for  high-temperature  load  bearing  components. 
Type  304  and  type  316  are  typical  of  this  series  of  alloys. 

There  is  some  variation  in  the  mechanical  properties  of  different 
heats  of  these  steels.  One  reason  is  the  variation  in  their  composition: 
their  specifications  permits  a certain  latitude  in  alloy  content  (Table  3). 

The  strength  depends,  too,  on  the  mechanical  and  thermal  history:  an 
important  part  of  the  strength  derives  from  work  hardening;  and  both  strength 
and  corrosion  resistance  depend  on  heat  treatment.  For  these  reasons,  data 
from  steels  which  were  homogenised  at  about  1300  K and  then  quenched  into  oil 
or  water  have  been  used  here. 

There  remain  certain  unexplained  variations  in  creep-ductility  of  these 
alloys.  It  is  known  that  precipitation  continues  throughout  even  the  longest 
creep  tests  of  316,  and  probably  of  304.  Typically,  carbides  of  the 
M23C6  type  appear  first,  and  while  they  slowly  coarsen,  a grain-boun- 
dary sigma-phase  (an  intermetallic  of  FeCr  type)  and  a chi-phase 
(approximating  Fe35Ci2Moio)  appear  (Weiss  and  Stickler,  1972).  Strain 
influences  the  topology  and  kinetics  of  the  precipitation,  and  the  concentra- 
tions of  carbon  and  boron  in  the  alloy  may  do  so  also  (Lai,  1977;  Marshall, 

1977).  The  data  assembled  here  is  for  low-boron  steels. 
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For  all  these  reasons,  the  field  boundaries  shown  on  the 
maps  for  these  stainless  steels,  must  be  thought  of  as  diffuse. 

We  do  not  yet  know  how  wide  they  are  or  by  how  much  the  time- 

contours  may  vary,  though  as  the  figures  show  all  the  data  we  have  re- 
viewed in  this  study  is  tolerably  well  described  by  the  diagrams. 

TABLE  3 COMPOSITIONS  OF  THE  STAINLESS  STEELS,  wt  % 


Cr 

Ni 

C 

Si 

Mn 

P 

S 

Mo 

Fe 

304 

Permitted  Range 

18-20 

8-12 

.08 

max 

1.0 

max 

2.0 

max 

.045 

max 

.03 

max 

- 

bal 

304 

this  investigation 

18.26 

9.51 

.05 

.29 

1.42 

.031 

.012 

bal 

316 

Permitted  Range 

16-18 

10-14 

.08 

max 

1.0 

max 

2.0 

max 

.045 

max 

.03 

max 

2-3 

bal 

316 

this  investigation 

16.82 

11.15 

.06 

.25 

1.68 

.035 

.015 

2.43 

bal 

* Parr  and  Hanson  (1965) 


J. 1 Data  for  Tupe  204  and  316  Stainless  Steels 

Data  for  304  and  316  tensile  specimens,  machined  from  bar  stock,  is 
assembled  in  Tables  4 and  5.  Temperatures  were  normalised  by  dividing  by  the 
melting  point  of  pure  iron  (1810  K)  to  allow  a direct  comparison  with  Fig.  1 
Tensile  stresses  were  normalised  by  dividing  them  by  Young's  modulus  at  the 
temperature  of  the  test.  For  this  purpose,  we  used  Blackburn's  (1972)  data 
for  E for  304  and  316,  which,  if  linearised,  is  described  by 


E(T)  - 2.16  X 10^  (I  - 4.7  X lo"**  (T-300))  MN/m^ 


304  Stainless  Steel  (2) 


30A  Stainless  Steel  (i) 
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TABLE  4 


(cont . ) 


I09  o- /E  I 


f ! 

1 

€„  1 

1 

1 In  A^/A|  1 

1 

In  It/'o  i 

Fracture 

Testing 

1 

jGram  Dia- 

1 

' Rc<crenc« 

1 

C se  c ' ' ) 

1 1 

i 

Type 

Mode 

1 Cprr? 

-3.166 



4.35 

-3.467 

•• 

6.43 

■ m;.  cr.,'  ( 

log  o-  /E 

T/T„ 

log  t, 
CsecO 

-3.534 

.571 

6.60 

tn  A^/Af  In  If/I©  Fracture) 

Testing 

(Grom  Dia- 

! Reference 

Type  1 

Mode 

I C>jm^  1 

■■BM 


Nadai  et  a)  (19^1) 


♦ CDR  * ronttanr  di  aplar<‘nH-nt  *r.ite  Crnailv  teat;  CLC  - constant  load,  uniaxial  creep  teat; 
CKFFP  *>  unapi-i  j f i i-d  Inadina  ruxlr,  uniaxial  creep  test. 

* Thia  atrain^rate  was  aas'iiaed  for  these  tensile  testa  in  order  to  calculate  a t ime~to-fai1ure 
fro*  the  lonpitmiinal  fracture  strain. 

♦♦  TC  (ortC)  transariMiul .ar  for  inrerar.inutnr)  fracture  inferred  froai  position  in  atreaa  and  ti 
relative  to  kink  in  creep  rupture  curve. 
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TABLE  5 DATA  USED  TO  CONSTRUCT  THE  MAPS  FOR  316  STAINLESS  STEEL 


iH'  St.unU-.j 

log  cr/E 

. ri,.  i (P  1 

log  t, 

fss  j 

' In  Aq/Aj  i 

1 

In  I(/Iq  1 Fracture  ^ 

Testing 

1 

Grain  Diu 

i 

1 Reference 

CsecO 

Cstc'lj 

1 ! 

1 ; 

1 Type  i 

Mode 

j C /jmO 

-2.62  I .206 


.372  -4.14 


1(H)  jS.uu(fisou 


1 . J9 

.52 

1.15 

.62 

2.35 

.63 

” J 

1 .97 

___  1 

.49 

.76  .39 


p.S  X lO’"*  |l.43 


1.34 


Van  Echo  (1965) 


316  Stainles 

log  <r/E 

1 Steel  (2)  i 

T/T„ 

1 

1 log  t, 

1 e„  j In  VAf 

In  I|/Iq  j Fracture  ! 

Testing  ^Groin  Dio 

' Reference 

1 CsecO 

1 Csec'l)  1 i 

1 Type  1 

Mode  ! CjjmO 

isimoons  and 


Van  Echo  (1465) 


Cont'd. 


2.612 


0.540 


2.69) 


TABLE  5 (cont.) 


! 

.17 

■ 

^Ih  Stainle> 

log  er /E 

; St»'cl  v6) 

T/T„ 

log  t, 
Csec  > 

fss 

(sec  “b 

In  VAf 

In  l,/lo 

Frccturc 

Type 

Testing 

Mode 

Groin  Dio- 
C jum  -5 

! 

Reference  | 

-2.8,‘t2 

0.509  , 

’ - ; .12 

cki:ep 

~ Sionnoiis  antj  | 

-2.914 

5.729 

- 

- 

.11 

; ■' 

■* 

Van  Echo  (1965)  | 

-2.949 

•• 

O.210 

. 

- J 

. 

•“  ..  . J 

- ! 

- 

Cont’J.  1 

-2.987 

" , 6.o95 

- 

.13 

. 1 .. 

j 

-2.999 

0.5:5  i 5.715 

. 

- 

.23 

- 1 '• 

-2.913 

0.540  : 4.542 

3.2  « lo"’ 

- 

.60 

- 

•• 



-2.983 

>1 

5.038 

2.4  X lo'*’ 

1 

.68 

- 

•• 

-3.052 

fl 

1 

1.610 

8.0  X lo’’ 

- 

.68 

- 

*• 

-3.121 

r- 

O.087 

2.8  X lo'^ 

.71 

. 

-J 

L_.  . 

-1.192 

L '■  - 

6. 511 

9.4  X lo'* 

- 

.04 

- 

.. 

•• 

I 

-3.262 

6. aw 

5.1  X lo'” 

- 

.52  i 

u" 

" 

7.1  31 

1.2  X 10*'^ 

_ 

~ 

. 35 

- 

1 

1 In  If/'o 

1 

Frocture 

Type 

Testing 

Mode 

Grom  Oio 

C jjm  ) 

Rc (crcnc« 

.12 

- 

OWI  V 

43 

Sinintinn  .inJ 

.12 

- 

V.in  ElIio  (I9u5) 

.04 

1 

•• 

LlonC  '(J. 

i.w 

- 

88 

. 32 

- 

" 

. 36 

- 

. 14 

■ 

*' 

.22 

- 

.18 

- 

- 

.24 

- 

5 

2 

. 15 

- 

, 

.13 

■ 

.14 

. 

-• 

.09 

•• 

.12 

43 

.11 

_ 

" 

T ^ 

1 .06 

- 

i 

j .04 

Cont  * d 
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TABLE  5 


316  Stainlesfe 

log  o- /E 


In  Aq/A{  I In  Ij/Iq  I Fracture  ' Testing  Grain  Dio  Reterence 
I Type  Mode  C >jniO 


‘2.879 

1 " 3.125  i 

1 f 

1 

- 1 ■'  i 

58 

Van  Echo  (1965) 

-2.976 

i 3.835  ' 

: - 1 

.40  1 

- oj: i 

Cent' d . 

-3  073 

" ' 4.454  i 

1 - i 

.39 

■ ! •■  1 

" i 

1 

-3. 100 

1 " ' 6.050  I 

J - i 

.29 

1 

I 

1 

-3.408  j 

'■  , 

6 . 469  J 

1 

J 

i 

.19 

j 

J 

-3.578 

7.010  ! 

4.4  « lo‘“| 

i 

.17 

- 

1 

-2.897 

3.158 

2.5  X 10 

-4 

' ' ! 

.60 

- 

62  1 

-2.976 

3.312 

4.0  X 10 

-3 

.62 

- 

" 

-3.198  j 

5.190 

1.6  X 10 

-6 

- 

.65 

i 

-1.323  1 

1 

5.956 

■’ 

L - j 

.54 

1 

I 

1 " 

-3.402 

■ 6.427 

5.9  X 10 

-8 

' .22  ' 

! - 1 

, •'  I 

" 

-3,236 

j 5.003  j 

- 

- 

! .29 

! - 1 

I " 

- 

-3.  323 

1 

5.304  1 

1 

- 

.29 

1 

" 

- 

-3.412 

1 

5.823  j 

- 

- 

.25 

1 

I 

•* 

1 

-3.537 

1 6.609  1 

' 

- 

.31 

- 

^ 

> r-  U‘i‘  1 4 

T/Tn, 

log  t, 
Csec  > 

. 

fss 

Csec  'b 

In 

In  l,/lo 

Fracture 

Type 

Testing 

Mode 

Grain  Dia 

C >jm  5 

Reference 

0.540 

3.356 

1 .1  X 

.41 

- 

( 8KKI' 

1 

62 

— 

Sinvnt>nb  and 

'* 

... 

1.3  X U)'^ 

- 

.44 

- 

» 

Van  6iho  (1965) 

*' 

4.641 

).l  X U)"" 

■ 

. JS 

- 

'* 

•• 

Con  C ' d . 

" 

5.525 

. J X lo"  ' 

- 

.52 

" 

•• 

6.071 

1.2  X lo"' 

“ 

.60 

- 

0.533 

5.5.''9 

- 

- 

.48 

' 

“ 

" 

0.571 

3.475 

- 

' 

.35 

- 

52 

•’ 

3,879 

- 

- 

. 16 

- 

•• 

4,389 

- 

- 

.33 

- 

•• 

" 

5.961 

- 

- 

. 30 

' 

" 

" 

" 

6.550 

- 

- 

.21 

- 

" 

" 

7.358 

- 

_ 

.10 

- 

" 

■’ 

0.601 

4.481 

9.9  X lo'*’ 

.71 

■ 

" 

44 

... . 

2.9  X 10*" 

- 

" 

5.604 

6.9  X lo“^ 

...  . 

.55 

- 

" 

2.5  X 10*’ 

.45 

- 

„ 

pr  -1 

" 

0.470 

5.3  X lo'^ 

.33 

- 

„ 

6.811 

- 

.36 

^ 1 

.29 


TABLE  5 (cont.) 


3lo  Staiiiif 

log  CT /E 

•xs  St-  cl  <11 

T/T„, 

log  t,  1 

In  A(/A,  1 In  l,/lo  ] 

{ 

1 Fracture 

Testing 

1 1 

Groin  Dio  ' Reference 

Cs«c-) 

C s«  c ■ * ) 

! 1 1 

Type  , 

Mode 

< C p iti  3 i 

- 

.i>  (iM^iPa)  Cx>nt'd. 

u/*  ' 

Smith  ct  al  (igSO) 

1 

" 1 

I 

5.»> 

X 

It) 

1.8 

X 

lo 

7.9 

X 

10 

3.7 

X 

10 

3.0 

X 

10 

6.5 

X 

10 

- 

1.3 

X 

10 

316  Stainles: 

Steel  (U) 

. ' 1 1 

I 

log  cr/E 

T/T„ 

log  t, 

€ss  *o^*f  ■ Trocture 

Testing 

Groin  Dio- 

Re  ference 

Csec) 

Csec'b  I 1 Type 

Mode 

1 Cpm.5 

Snith  ec  al  (1V50) 
Cont'd. 


1.7  X 10 

2.6  X 10 

Is. 4 X 10 


••  I 

1 

- 

INOO  (1974) 

- 

- 

i 

- 

i 

IE((  (1969) 

- - - 

Cont ' d . , . , 

MlcI  ( IJ)  j 

1 

log  t, 
C$«c  J 

TABLE  5 (cont.) 


In  VAf 

! In  If/lo 

1 

1 Fracture 

1 Testing 

' i 

Grain  Dio-  Reference 

: 

, 

1 Type 

1 Mode 

i Cjjm-5  j 

ISO  (i«6y) 
Cont  '«J. 


316  Stainless 

log  0-/E 

Scrcl  ( Ih)  1 

T/T„  j 

log  t, 

i ' 

i 

In  V^f  ' 'f/'o 

1 i 

Frocture 

Testing 

i i 

Grom  Dio- 

1 

i ■ 

Reference 

1 

Csec  } 

1 Csec  -I)  ; 

1 

i Type 

Mode 

CpmO 

i ISO  (1969) 
! Cont'*J. 


I III  w I !'■»— 


TABLE  5 (cont.) 


TABLE  5 (cont.) 


Sl>'.  I (.'ll( 


log  V /E 


I log  tf  fjj  I In  Aq/Aj  ' In  Ij/Iq  ■ Frocture  j Testing  Groin  Dio  Reference 

I Cscc  ) I Csec  'b  i j ( Type  ; Mode  ' C ^im  ) j 


Wrav  (IMi.'ll 


. CnR  - constant  displaccncnt-ratc  tensile  test:  CIC  - constant  load,  uniasial  ers.p  ‘‘S'- 

CSC  - constant  stress,  onultial  cre-p  test:  CRFEP  - unspecified  loading  modc.uni...<.al  creep  test 
* This  strain-rate  uss  assuned  for  these  tensile  tests  in  order  to  calculate  a t ime-to-lal lure 
from  the  longitudin.il  fracture  strain, 
t Crain  boundary  cavitation  ot  w-tv?c. 

tt  Crain  bound.arv  cavitation  of  v-  and  r-tvpc.  ....  j 

I.  TC  (or  to  transcranularfur  int.rcranulnr  > fracture  inferred  fron  position  in  stress  and  time 

relative  Co  kink  in  creep  r'jpturc  curve, 
a*  Deduced  from  ratio  of  area  strain  to  iFnikiitudinal  strain. 

i Crain  sire  estimated  from  microcrapr..  . , i 

ii  Crain  boundary  cavitation  obsetueo,  but  was  not  necessarily  the  cause  of  final  tractore. 


3. 2 Fraature-Meahanism  Maps  for  304  and  316 


Little  can  be  learned  from  the  engineering  studies  about  the 
mechanisms  of  fracture  of  these  steels.  The  scientific  study  of  316 
by  Wray  (1969)  identified  regimes  of  ductile  fracture,  of  intergranular 
creep  fracture  and  of  rupture.  We  have  combined  f ractographic  informa- 
tion from  Wray's  (1969)  work  with  observations  and  stress-rupture  data 
from  Smith  et  al  (1950),  Dulis  et  al  (1953),  Garofalo  et  al  (1961  a.  b.) 
and  Sanderson  et  al  (1969),  together  with  our  own  observations  and  data, 
to  give  the  two  sorts  of  map  shown  in  Figs.  4 to  8. 

The  advantage  of  the  maps  with  stress  and  temperature  as  axes 
(Fig.  4 and  5)  is  that  they  cover  the  entire  range  of  conditions  for  which 
the  material  is  solid.  The  data  of  Tables  4 and  5 is  plotted  on  them,  as 
open  symbols  if  the  fracture  was  transgranular  and  as  full  symbols  if  it  was 
intergranular . 

We  have  identified  the  field  boundary  separating  ductile  transgranular 
fracture  from  transgranular  creep  fracture  with  the  U.T.S.  of  the  steel  in 
normal  tensile  tests  (t^  < 10^  s) . If  the  initial  stress  is  greater  than 
this,  the  material  can  be  regarded  as  a (rate-independent)  plastic  solid 
which  fails  more  or  less  instantaneously,  in  a ductile  manner.  If  the 
initial  stress  is  less  than  this,  failure  is  not  instantaneous,  but  re- 
quires the  accumulation  of  creep  strain.  Though  crude,  this  criterion  is 
straight-forward  and  uses  existing  data:  that  of  Sanderson  et  al  (1969) 
Simmons  et  al  (1965)  and  our  own  observations. 
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Fig.  4 A fracture  map  for  type  304  stainless  steel.  It  shows  four  mechanism 
fields.  Contours  of  constant  time-to-fracture  (t.)  are  shown.  They 
are  based  on  data  from  the  sources  listed  on  the  figure. 
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Fig.  5 A fracture  map  for  type  316  stainless  steel. 
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Fig.  7 A stress-rupture  plot  for  304  stainless  steel.  The  field  boun- 
daries have  been  cross-plotted  onto  this  figure  from  Fijj.  4. 
Changes  of  slope  of  the  stress-rupture  plot  coincide  with  changes 
in  mechanism  of  fracture. 


NORMALISED  TENSILE  STRESS 


38 


MINUTES  DAYS  YEARS 


Fig.  8 A stress-rupture  plot  for  316  stainless  steel.  The  field  boundaries 
have  been  cross-plotted  onto  this  figure  from  Fig.  5.  There  is  an 
unexplained  change  of  slope,  and  perhaps  of  mechanism,  at  long 
times . 
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The  boundary  separating  intergranular  from  transgranular  creep  fracture 
on  the  two  figures  was  positioned  to  be  consistent  with  the  observations  of 
Smith  et  al  (1950).  Some  of  their  micrographs  for  30A  are  shown  in  Fig.  6, 
which  illustrates  the  method.  The  uppermost  group  of  pictures  shows 
transgranular  creep  fracture.  The  sample  has  necked  extensively,  and 
internal  cavities  are  elongated  in  the  direction  of  tension.  The  central 
and  lower  groups  of  micrographs  show  intergranular  fracture,  little  or  no 
necking,  and  wedge  cracks  lying  normal  to  the  direction  of  tension.  The 
figure  illustrates  that  - on  the  axes  used  for  these  maps  - this  boundary  is 
a fairly  sharp  one.  Positioned  in  this  way,  the  boundary  coincides  more  or 
less  exactly  with  a pronounced  kink  in  the  stress-rupture  plots  presented  by 
Smith  et  al  (1950). 

Above  about  900°C  (0.65  T^^) , intergranular  fracture  in  both  304  and  316 
is  suppressed;  the  steel  necks  extensively  and  fails  by  plastic  rupture 
(Nadai  and  Manjoine  1941:  Wray,  1969).  This  behaviour  is  common  among 
commercially  pure  f.c.c.  metals  and  alloys  (Gandhi  et  al,  1977),  where  it 
appears  to  be  associated  with  dynamic  recrystallisation.  In  the  stainless 
steels  this,  in  turn,  may  be  triggered  by  the  solution  of  certain  of  the 
carbide  precipitates:  M23C6  carbides  in  18-8  stainless  steels  are  known 
to  dissolve  somewhere  between  800  and  900  °C  (Aborn  and  Bain,  1930). 

An  alternative  way  of  presenting  the  data  is  shown  in  Figs.  7 and  8. 

Here  the  axes  are  those  of  the  conventional  stress-rupture  plot:  log  (tensile 
stress)  and  log  (time).  Data  obtained  at  one  temperature  is  connected  by  a line 
and  labelled  with  the  temperature.  The  field-boundaries  from  the  fracture  maps 
of  Figs.  4 and  5 have  been  cross-plotted  onto  Figs.  7 and  8,  dividing  stress- 
time space  into  fields  in  which  (as  before)  a given  mechanism  of  fracture  is 

dominant . 

The  plots  emphasise  the  way  in  which  a chatige  of  mechanism  is  associated 
with  a kink  in  the  stress-rupture  plot.  That  for  316  shows  evidence  for  a new 
change  of  mechanism:  about  10^  seconds,  the  plots  show  unexplained  kinks, 
through  which  we  have  drawn  a heavy  broken  line.  We  have  not  yet  been  able 


to  examine  specimens  which  have  failed  at  these  long  times,  and  do  not  know 
whether  it  is  the  shape  and  distribution  of  the  intergranular  cracks  which 
has  changed  (as  they  did  in  pure  iron) , or  whether  a change  in  precipitate 
distribution,  caused  by  long  aging  under  stress,  has  caused  a change  in  the 
kinetics  of  intergranular  cracking. 


i 


) 

4. 1  Fracture  maps  for  steels 

Observations  of  the  fracture  in  tension  of  round  bars  of  iron,  or  of 
a steel,  can  be  summarised  as  a fracture  mechanism  map.  The  map  shows  the 
region  of  stress,  time  and  temperatures  over  which  a given  mechanism  of 
fracture  is  dominant.  We  have  found  that,  although  data  was  drawn  from 
many  different  sources,  there  is  little  ambiguity  in  defining  the  boundaries 
of  these  regions  or  fields,  and  the  resulting  map  gives  a broad  and 

self-consistent  picture  of  the  way  the  material  behaves.  ^ 


4.2  Applications  : extrapolation  of  creep- fracture  data 

The  law  governing  the  creep  life  changes  when  the  mechanism  of  fracture 
changes.  An  extrapolation  procedure  which  is  satisfactory  within  one  field 
cannot  be  expected  to  properly  describe  the  behaviour  in  an  adjacent  field. 
The  field  boundaries  define  the  limits  of  safe  extrapolation. 


4.3  Applications  : guidance  in  scientific  studies  and  in  engineering  design 
Each  mechanism  of  fracture  has  its  own  characteristics:  each  depends 
in  its  own  way  on  stress  state,  for  example;  and  (in  creep)  the  stress-  and 
temperature-dependence  of  the  time  to  fracture  differs  for  each.  In 
studying  a particular  mechanism,  or  in  designing  an  engineering  structure  in 
such  a way  as  to  avoid  it,  it  is  helpful  to  know  its  region  of  dominance,  and 
its  characteristics.  This  study  has  attempted  to  provide  this  information 
for  pure  iron  and  for  304  and  316  stainless  steel. 
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